High performance Brillouin microscopy has been used as a versatile method in order to characterize the spatial distribution of piezoelectrically induced acoustic fields excited at microwave frequencies in a ZnO film deposited on silicon. Filtering properties and acoustic field distribution emitted by inter-digital transducers as well as propagation losses are investigated by µ-Brillouin spectroscopy. It turns out that the acoustic field intensity decreases dramatically outside the immediate excitation area situated below the inter-digital finger structure.
Introduction
The last two decades have seen huge development in piezoelectric-based devices such as filters, oscillators or even sensors. In order to improve the efficiency of such devices, two aspects should be explored: the optimization of the material's properties (coupling coefficient, acoustic wave velocity, piezoelectric coefficient, etc) or of the design of the electrodes. Indeed, the coupling between both transducers could be increased to reduce losses. However, this option needs the acoustic field distribution very precisely. Several methods have been developed to achieve this: optical interferometry [1] , atomic force microscopy [2] , x-ray spectroscopy [3] and scanning electron microscopy [4] .
For this type of measurement we have chosen to use Brillouin microscopy. Indeed, Brillouin spectroscopy (BS) is the current technique for measuring acoustic properties at hypersonic frequencies (e.g. [5] [6] [7] ). Moreover, BS has been proven to be a versatile method for detecting thermally excited surfaces as well as guided acoustic waves at microwave frequencies (e.g. [8] [9] [10] ). Furthermore, BS was used to determine hypersonic attenuation in quartz from the decay of the Stokes intensity of the Brillouin spectrum on microwaveinduced phonons generated at the surface of a piezoelectric crystal [11] . Only recently has BS been used for studying acoustic microscopy (BM) [12, 13] . Finally, the spatial resolution of BM was taken to characterize the mapping of acoustic fields generated by inter-digital transducers (IDTs) on LiNbO 3 single crystals [14, 15] .
In this paper we investigate microwave-induced sound waves propagating in a thin piezoelectric layer of ZnO, deposited on silicon. The aim of this paper is to measure the electro-acoustic generation of hypersonic waves in thin piezoelectric films, including their acoustic field properties and more especially their spatial decay within the film's plane. Another aspect concerns using BS measurements to study the properties of the pass band frequency for our IDTs within the microwave range. material for surface acoustic wave (SAW) devices [16] [17] [18] . For our application we have sputtered the piezoelectric ZnO film on a silicon substrate which allows the monolithic integration of the acoustic elements and the associated electronic circuit [18] . Zinc oxide films elaborated by sputtering techniques are very sensitive to deposition parameters: pressure, temperature, gas fraction, the target-substrate distance, etc [19] . The deposition conditions were optimized in order to obtain highly oriented polycrystalline ZnO films. These films were deposited by a dc planar magnetron sputtering system on silicon (1 0 0) substrates. The diameter of the zinc target (purity 99.99%) was 107 mm (4 inch) and the thickness was 6.35 mm. The distance between the cathode and the substrate holder was 80 mm. The deposition chamber was pumped down to a base pressure of 5 × 10 −5 Pa by a turbo-molecular pump prior to the introduction of the argon-oxygen gas mixture for ZnO thin film production. The gas discharge mixture was Ar/O 2 and the total pressure was 2 × 10 −1 Pa. For an optimum deposition condition, the oxygen percentage in the Ar/O 2 gas mixture was fixed at 70% and the dc power delivered by the dc generator was fixed at 120 W. The substrate and the chamber wall were grounded and the substrate holder was heated to a temperature of 200
• C prior to deposition. The crystallographic properties of the films were analysed by x-ray diffraction (XRD) using Cu Kα radiation. The atomic compositions of the ZnO films were measured by energy dispersive x-ray spectroscopy (EDXS). The structure of the film was characterized by transmission electron microscopy (TEM) with a PHILIPS CM200 microscope operating at an accelerating voltage of 200 kV with an unsaturated LaB 6 cathode. For the electron microscopy studies, a small amount of the thin film was placed on a carbon coated aluminium grid. Both the morphology and the crystallite size of the particles were estimated by TEM bright-field imaging. Structural information was obtained using selected area electron diffraction (SAED) patterns. Our Brillouin spectrometer is based on an argon laser synchronized by Pockel-cells. The scattered light is collected at a 90
• angle from the incident beam. A single Fabry-Perot interferometer is used as a frequency filter. A photomultiplier is used to detect the selected light.
Acoustic wave device characteristics
In order to create an acoustic wave device we deposited two inter-digital finger transducers (IDTs) onto the ZnO film (figure 1). In this experiment the left IDT is used as an emitter and the right one as a receiver. The combination of both the transducers and the piezoelectric thin film characteristics defined the band pass transfer function realized by the device. Figure 1 shows a photograph of the IDT structure on the ZnO film. The IDT was connected by gold wires to the microwave connectors. The gold wires are wedge-bonded to the IDT. The IDT array had a micrometer so that SAWs are generated in the gigahertz regime. The total surface of the array is about 1 × 1 mm 2 . The microwave generator was electrically decoupled from the sample by an isolator. Due to the standing wave ratio of SWR = 2.15, the electromagnetic impedance matching the driving frequency was rather satisfactory. The geometrical dimensions of the IDTs were as follows: the finger thickness was 1 µm (noted m in figure 2 ) and the distance between the fingers amounted to 2 µm (noted d in figure 2 ) yielding a periodic structure of 6 µm (noted in figure 2 ). The number of IDT fingers was fixed at 50; the IDT thickness is 150 nm. The metallization lateral size is 1 µm and the periodicity is fixed at 6 µm. The ZnO thickness (noted h in figure 2 ) was fixed at 0.7 µm. The centre frequency f of the acoustic wave device is determined by the acoustic phase velocity V and the wavelength of the IDTs: f = V / (figure 2). Consequently, either a material with a high acoustic phase velocity, such as diamond [20, 21] , or sub-micrometric lithography could be required in order to increase the basic frequencyf of the emitting IDT.
Brillouin microscopy
In this paper we are looking for microwave-induced SAWs as well as guided bulk waves. Taking into account an acoustic wavelength defined by the scattering geometry of about 2.5 µm and furthermore taking into account that the ZnO film is deposited on a Si substrate, the ZnO film behaves like an acoustic waveguide with the properties very close to that of the bulk material. It is worth noting that we are interested in acoustic wave measurements with the acoustic wave vector perpendicular to the fingers of the IDTs (figure 2).
In order to be able to detect these induced phonons with BS, we adjusted the scattering geometry of the Brillouin experiment in such a way that the wave vector of the thermal phonon coincides with that of the microwave-induced acoustic wave.
This problem is a difficult one, but can be solved by using the so-called 'reflection-induced A' (RI A)-scattering geometry [22] . In other words, the RI A-scattering geometry enables us to adjust the phonon wave vector involved in the light scattering process in a self-controlled manner precisely parallel to the surface of a film-like transducer at which the hypersonic waves are piezoelectrically excited. Actually, the RI A-scattering geometry is similar to the classical A-scattering geometry [23] for which the acoustic wave vector does not depend on the refractive index of the sample. A simple rotation of the sample around the normal to the excitation surface (N 1 in figure 2 ) is sufficient to adjust the phonon wave vector defined by the scattering geometry to coincide with that of the piezoelectrically stimulated sound wave. The correct magnitude of this wave vector is adjusted by rotating the sample around the in-plane axis (N 2 in figure 2 ).
According to figure 2, the Brillouin scattering process at the ZnO/Si interface follows the RI A-scattering geometry [22] where the phonon wave vector is parallel to the silicon surface plane and points along the x-axis of the sample coordinate system introduced in the same figure. The directions of the optical wave vectors ⃗ k i and ⃗ k s are also indicated in figure 2. For this 'reflection-induced scattering geometry' the relation between the sound velocity V A and the sound frequency f A for a given acoustic wave vector q A is given by the relation
In equation (1) n i is the relevant refractive index of the sample, i is the scattering angle within the sample and is the outer scattering angle [7] . Of course, i is smaller than . Using Snellius' law, the last part of equation (1) can be easily verified. Equation (1) is independent of the refractive index n i [7] . The sagittal angle /2 can be changed experimentally from 0
• up to almost 90
• by rotating the sample around the axis N 2 (figure 2), which is in the Si-mirror plane. It should be recalled that rotating the sample around N 2 changes the magnitude of the phonon wave vector but not its direction. Of course, V A is not usually invariant under rotation around N 1 , but probes the symmetry in the plane of the sample [7] . For convenience, we worked in the lower gigahertz regime. We therefore chose an outer scattering angle of = 12
• , yielding an acoustic phonon wavelength of p = 2.5 µm and a frequency of about 2.55 GHz for the longitudinal polarized bulk mode of the undisturbed crystalline state. The scattering geometry was chosen to detect the phonon propagation along the crystallographic x-direction.
It should be stressed that BS (BM) is an extremely sensitive method for probing hypersonic waves: since BM is usually able to detect thermal phonons, every coherently generated phonon will be detected as an excess intensity in the corresponding phonon line within the Brillouin spectrum. The spatial resolution of the BM used for these experiments is about 50 µm, but can be drastically improved [12, 13] .
Theoretical model
A general finite element calculation is given here for the ac steady state analysis of two-dimensional piezoelectric devices. The method is applied to the SAW in layered structures. In this paper the well-known finite element method (FEM) is applied for analysing the SAWs. Assuming a linear behaviour of the material and steady state sinusoidal time dependence, the quasi-static equations for the modelling of piezoelectric devices are Newton's law, Gauss' law and the constitutive relations as given below, respectively, from equations (2)- (7). The quantities are, respectively, S ij : strain; T ij : stress; E k : electric field; D i : dielectric displacement; : electric potential; C ij kl : elastic constant; e ikl : piezoelectric constant; ρ: density; ε ij : dielectric permittivity; u i : mechanical displacement. More details of the theoretical aspect are given in [8] [9] [10] . In a two-dimensional model, no variation was permitted in the N 2 direction (figure 2). As we are interested in the harmonic response of the device, the governing differential equations which define the mechanical and the electrical properties in the volume have to be established for the amplitudes of the mechanical displacement u i (only in the N 1 and N 3 directions, figure 2 ) and the electrical scalar potential in equations (8) and (9):
j,k,l
Besides these two sets of linear equations (7) and (8), we further evaluate the integral quantities, such as the electrical input impedance characterizing our piezoelectric device. The input impedance of a piezoelectric transducer also reveals all the resonances and antiresonances of the device. The resonances are the natural frequencies for short-circuited electrodes, while the antiresonances are those for open-circuit conditions. To compute the electrical input impedance of a piezoelectric transducer with the finite element method, the transducer has to be excited by a harmonic frequency and the integral calculation results can be used to quantify the mechanical and electrical responses, for example, the displacement of a region of interest, such as the surface of the device for Rayleigh waves. With these results the propagation mode is easy to determine by counting the number of nodes belonging to the N 3 direction displacement, which directly gives the harmonic order of the propagating wave. Although the model can treat intrinsic material losses as imaginary parts of the physical constants, these leakage sources have been neglected in this work because almost no data are available concerning ZnO or silicon (which is assumed to be one of the principal leakage sources of the device). The only leakage phenomena that can occur are, then, related to wave radiation into the bulk, which are absorbed by a dedicated layer in the model. This layer absorbs the bulk. Using the material constants given in table 1, the model provides electrical and mechanical deformations of the layered structure. We assume a constant polarization of 1 V on the aluminium electrode.
Results and discussions
The XRD results observed on a 1 µm thick ZnO film give a (0 0 2) reflection corresponding to the c-axis perpendicular to the substrate. Figure 3(a) shows the XRD spectra of the ZnO film deposited on silicon. The peak at 34.4 corresponds to the (0 0 2) diffraction line of the ZnO wurtzite structure. This spectrum corresponds to a film with the c-axis perpendicular to the surface. In comparison with the location of the (0 0 2) reflection of a single crystal, within the polycrystalline sample, a slight shift is observed and is attributed to an increase in the compressive stress within the film plane. As expected, the EDXS measurements reflect the stoichiometry of Zn 1 O 1 . Figure 3 (b) shows a typical TEM image of the as-deposited sample and the corresponding SAED pattern ( figure 3(c) ). Figure 4 shows the admittance of the device as a function of the frequency. As can be seen, the device presents several resonances. The resonance frequencies are, respectively, 0.632 GHz, 0.937 GHz, 1.52 GHz, 2.31 GHz and 2.43 GHz attributed to the fundamental and harmonic modes. The theoretical model also gives the elastic shape of those modes. Mode 0 harmonic 1 (a) is called M0H1, and the corresponding elastic shape is shown in figure 5 (a). This mode essentially propagates at the top of the surface and presents a depth penetration length lower than one wavelength. Mode 1, figure 5(b) , has a larger penetration depth than mode 0 and has a larger deformed area in the silicon. This mode is particularly adapted to BS due to its high frequency of propagation (near 1 GHz) and its high intensity on the frequency response (figure 4). All other modes are harmonic modes of modes 0 and 1. The higher advantageous modes are mode 0 harmonic 3 (c) and mode 1 harmonic 3 (e), which present a relatively higher intensity on the frequency response compared with the others.
Modelization (results of the theoretical calculations) results

BS characterization
BS was performed on the device described above in order to characterize the distribution of the microwave-induced acoustic field propagating in the layered structure. We have studied the pass band frequency behaviour of the emitting IDT (left IDT in figure 1 ) on polycrystalline ZnO by BM. The thermal phonon spectrum was first measured for an outer scattering angle of 12
• ( figure 6 ). The thermal phonon spectrum of figure 6 is widely spread out; consequently separated phonon lines are not observed. Taking into account that the ZnO film is polycrystalline and the build-up of nanosized grains, the measured spectrum reflects an orientational averaging over many crystallites within the scattering volume. The averaged state should yield two phonon modes related to a material with isotropic symmetry. These two spectral features are not resolved in the spectrum as expected. A likely explanation for this broadening of the line could be an excessive hypersonic attenuation. Grain boundaries and/or clusters of nano-grains within the polycrystalline ZnO film are believed to be the cause of this strong acoustic attenuation.
As a consequence of this strong attenuation, we were not sure to be able to detect any induced phonon at all in the sample. Of course, if there were any, they would be found in the area below the emitting IDT, where the acoustic signal is created by electro-acoustic coupling. Therefore, we adjusted the scattering volume directly on the IDT and discovered the microwave-induced phonon lines that we were looking for. First of all, we determined the pass band behaviour of our device by varying the applied frequency on our IDTs and simultaneously detecting the induced phonons on the Brillouin spectrum. We then obtained huge phonon lines for several frequencies that are summarized in table 2. If we compare these BS results with the theoretical ones and with electrical measurements, we can attribute each frequency to modes and harmonics that can be generated by our device.
Our electrical results, are of course, less sensitive than the Brillouin measurements, which is the reason why some modes are detectable with BS, but not with electrical measurements by reflection. However, these results are difficult to explain. Indeed, theoretically, the different orders vary in wavelength and so cannot be detected by Brillouin measurements with the same angle of scattering that defines the length of a detectable wavelength. A possible explanation is that the IDT acts as an optical grating and hence induces many orders of diffraction under the IDTs. Consequently, we would not have only one angle of incidence, but several, caused by the different orders of diffraction. Moreover, the numerical aperture of the collection lens contributes to enhancing the number of detectable wavelengths.
Next, we studied the spatial distribution of the piezoelectrically excited acoustic field between the emitter and the receiver. It must be noted that, during these measurements, the receiver was short-circuited, in order to avoid any possible disturbance by the electromagnetic coupling between the receiver and the emitter. Indeed, some of our experiments have shown that a large part of the electric energy is electromagnetically radiated by the IDT; so the electromagnetic field can be coupled directly onto the receiver. In such cases, the receiver acts as a second emitter and thus disturbs the measurements of the acoustic field between the electrodes. The acoustic wave amplitude decreases exponentially when propagating out of the IDTs ( figure 8 ).
There is a lot of spatial decay for the acoustic wave emitted by the IDT. Propagation losses have been estimated to be 200 mm −1 . This value is one order of magnitude higher than the one given by previous authors [18] , but confirms the thermal Brillouin spectrum given in figure 6 .
We also wanted to study the beam shape of the acoustic wave emitted by the IDTs. So, we have then reproduced the same experiment perpendicularly to the direction of propagation ( figure 9 ). The results showed that the divergence is weak at a short distance from the IDTs because the width of the defined beam is similar to the aperture of the IDTs. This result is in agreement with previous experiments that we performed using lithium niobate single crystal as piezoelectric media. However, it confirms that there is no scattering enhancement due to the nano-crystalline texture, even if acoustic losses remain at a high value.
Conclusion
Brillouin microscopy was used as a versatile technique to characterize the field distribution of microwave-induced phonons in a thin layer of piezoelectric polycrystalline ZnO deposited on silicon. The electrical resonance behaviour of our device has been studied theoretically and experimentally. Frequencies that are efficiently emitted, that is to say, which correspond to the condition of constructive interference, have been compared with theoretical calculations. All frequencies that gave us a signal under the IDTs were identified in terms of mode and harmonic characteristics. A comparison of the propagation properties of thermal and induced phonons shows drastic hypersonic attenuation behaviour of this polycrystalline material. We have also identified the acoustic beam shape and deduced that the divergence of the beam remains very weak.
